OBJECTIVE: Con¯icting results have emerged over the nature of autonomic nervous system abnormalities in human obesity. This present study was designed to investigate the sympatho-vagal activities and their responsiveness to acute cold exposure in age-and height-matched obese and non-obese young women. SUBJECTS: Twenty-four age-and height-matched obese (Weight: 68.1 AE 2.64 kg, BMI: 26.3 AE 0.74 kgam 2 , %Fat: 39.9 AE 1.23%) and non-obese young women (Weight: 46.9 AE 0.77 kg, BMI: 18.5 AE 0.18 kgam 2 , %Fat: 22.9 AE 0.8%). MEASUREMENTS: Plasma leptin, insulin, glucose and lipid concentrations were measured at rest. The sympathetic (SNS) and parasympathetic (PNS) nervous system activities were assessed by means of power spectral analysis of heart rate variability (HRV) for 15 min under control (25 C) or acute cold exposure (10 C) conditions. The very low (VLO) frequency component, and SNS (lowahigh power), and PNS (highatotal power) indexes were used to evaluate thermoregulatory sympathetic function, and cardiac sympathetic and parasympathetic nervous activities, respectively. RESULTS: Plasma leptin concentration was signi®cantly greater in the obese than in the control group (47.3 AE 7.00 vs 12.1 AE 1.22 ng Á ml 71 , P`0.001). There was a highly positive correlation between plasma leptin concentration and percent of body fat (r 0.863, P`0.001). During the resting condition, there was no signi®cant difference in any of the parameters of the HRV between the obese and control groups. Upon acute cold exposure, the VLO frequency component associated with thermoregulation (309 AE 49.9 vs 578 AE 142.2 ms 2 , P`0.05) as well as its responsiveness (25 ± 10 C delta changes: 17 AE 82.9 vs 326 AE 138.2 ms 2 , P`0.05) were signi®cantly lower in the obese than in the control group. CONCLUSION: Our data indicate that a reduced autonomic, especially sympathetic responsiveness associated with thermoregulation and possibly leptin resistance might be aetiological factors of obesity in young women.
Introduction
Leptin, the OB gene product, is secreted predominantly by white adipose tissue 1 and acts as a hormone, most likely at the level of the hypothalamus, to coordinate energy intake and expenditure to regulate body size and composition. 2, 3 A recent study has shown that intravenous leptin increases sympathetic nerve activity not only to brown adipose tissue, 4 but also to other peripheral organs such as kidney, hindlimb and adrenal gland. 5 This ®nding suggests that leptin increases thermoregulatory sympathetic nerve activity and also has a stimulating effect on overall sympathetic nerve traf®c.
Despite intensive research, the physiological actions of leptin in humans remain unclear. In contrast to the obaob mice suffering leptin de®ciency, 1 studies in humans have found that OB mRNA and circulating leptin concentrations increase with body mass index and body fat content. 6 ± 9 These ®ndings suggest that most obese people are relatively insensitive to the biological function of leptin.
Besides the recently discovered OB gene, the alteration of autonomic, especially sympathetic, function per se, has been widely believed to contribute to the pathophysiology of the obese state. Con¯icting results have been reported, however, concerning the nature of the predominant sympathetic abnormality, 10, 11 which may be partly attributable to the dif®-culties in adequately assessing the whole-body or the region-speci®c sympathetic nervous system (SNS) activity in human subjects.
The beat-to-beat variations in heart rate, termed heart rate variability (HRV), has been proven a reliable non-invasive method for quantitative and qualitative assessment of cardiac SNS and parasympathetic nervous system (PNS) activities. Recent studies have demonstrated that the percentage of body fat, 12, 13 changes in body weight and energy storage, 14 and glucose-induced thermogenesis 15 were correlated with differences in HRV power spectral analysis.
In general, power spectral analysis of HRV has shown at least two distinct regions of periodicity in electrocardiogram (ECG) R-R intervals. The high frequencies (HI b 0.25 Hz) of HRV are associated solely with PNS activity and the low frequencies (LO`0.15 Hz) of HRV might be associated with both SNS and PNS activities. 16 ± 18 The very low frequencies (VLO) of HRV are not as well described; however, it has been pointed out that frequencies much lower than 0.1 Hz may re¯ect an interaction of the renin-angiotensin system and thermoregulatory vasomotor control. 16, 19 Even within the comfort range of the environmental temperature, a small reduction in temperature stimulates the SNS in normal subjects. 20 ± 23 Therefore, cold exposure may be an appropriate approach to test for possible abnormalities in the thermoregulatory responsiveness in SNS activity. To the best of our knowledge, no research has evaluated the effect of acute cold exposure on thermoregulatory autonomic function measured as the VLO frequency component of the HRV in humans nor investigated whether obese populations have a reduced responsiveness of this speci®c autonomic function.
In this present study, we evaluated the autonomic nervous system activity in obese and non-obese young women at comfortable room temperature and during acute cold exposure by means of the HRV spectral analysis and investigated whether the autonomic response to the thermoregulatory perturbation was altered in the obese group. We also examined the relationship between body fat content, plasma leptin concentration, and the basal SNS activity index in order to understand a possible physiological role of leptin in human obesity.
Methods

Subjects
Twenty-four age-and height-matched obese and nonobese young women were recruited for this study. The percentage of body fat was determined by means of dual-energy X-ray absorptiometry (Hologic QDR 1000). Descriptive clinical characteristics of the subjects are presented in Table 1 .
All subjects were carefully instructed about the study and gave their informed consent to participate. The subjects completed a standardized health questionnaire for past medical history, medication, lifestyle, diet, smoking habits, alcohol consumption, and physical activity. All subjects were non-smokers in good health and had no evidence of hypertension, cardiovascular disease, diabetes mellitus, or other endocrine diseases. All had been weight stable for at least one year. Each subject was instructed to avoid any food or beverages containing alcohol or caffeine after 9:00 pm on the day preceding the study.
Experimental procedure
Subjects came to the laboratory at 8:00 am, and all experiments were performed in the morning. The experimental preparation took place in a quite room with an ambient temperature of 25 C. The subjects were dressed in T-shirts and shorts and instrumented with ECG electrodes. Blood was drawn from the antecubital vein with the subject seated in a comfortable chair. The subjects then rested for at least 20 min before the start of the experiments.
After this period, the subjects entered the environmental chamber and sat quietly for 15 min at 25 C and 60% relative humidity. The same experiment was repeated 2 h later with the exception that the environmental chamber was temperature-controlled at 10 C and 50% relative humidity, in order to investigate the effect of acute cold exposure. The cold exposure was potentiated by the air-mixing current of the chamber passing from the ceiling down along the wall. During the test, the CM 5 lead ECG was continuously recorded and subjects breathed in synchrony with a metronome at 15 beats Á min 71 (0.25 Hz) to ensure that respiratory-linked variations in heart rate did not overlap with low-frequency heart rate¯uctuations (below 0.15 Hz) from other sources.
Identi®cation of sympathetic component related to thermoregulation
Prior to this study, six healthy male volunteers participated in a pharmacological blockade experiment in order to examine changes in the spectral pattern of spontaneous¯uctuations in R-R interval. The CM 5 lead ECG was continuously monitored while each subject remained seated in a comfortable chair for 40 min in the morning. The parasympathetic muscarinic antagonist, atropine (0.04 mg Á kg 71 ) and Values are means AE s.e.m., TG, triglyceride; NEFA, non-esteri®ed fatty acid; TC, total cholesterol; HDL-C, high density lipoprotein cholesterol; LDL-C, low density lipoprotein cholesterol; ***P`0.001; **P`0.01; *P`0.05.
) were intravenously injected 10 and 25 min after the beginning of the experiment, respectively. Figure 1 represents typical sets of raw R-R interval and the corresponding power spectral data obtained from a subject at the resting condition (A) and during the administration of autonomic pharmacological blockades (B and C). After atropine was injected (parasympathetic antagonism), R-R variability was markedly reduced and the high frequency components were almost entirely abolished while the low frequency components were partly decreased ( Figure 1B ). When propranolol was additionally injected (complete autonomic blockade), all heart rate¯uctuations were abolished, which led to a metronome-like heart beat ( Figure  1C ). These ®ndings support the previous studies 16 ± 18 and indicate that the high frequency component ( b 0.15 Hz) is associated solely with the parasympathetic nervous system activity and the low frequency component (`0.15 Hz) is jointly mediated by the vagal and sympathetic nerve activities.
Furthermore, to identify the spectral region associated with the thermoregulatory component of the SNS, an additional eight young and healthy volunteers were exposed to an acute cold environment (10 C and 50% relative humidity for 15 min). The Simplex method 24 was utilized to detect the speci®c power spectral peaks associated with thermoregulation. During the experiment, we observed that the lower spectral peak (`0.03 Hz) increased predominantly under acute cold exposure compared to the control condition. Group data indicated that the average of the spectra power peaks associated with the cold exposure in the eight subjects was 0.021AE 0.0047 Hz. In order to cover inter-individual variations among subjects, the thermoregulatory spectral region, including three standard deviations ( AE 3 s.d.) above or below the mean (0.007 ± 0.035 Hz), was de®ned as the VLO frequency component related to the thermoregulatory function of the SNS activity. It should be noted that AE 3 s.d. from the mean encompasses 99.73% of the total distribution. Statistical analysis showed that the very low (VLO) frequency component was signi®-cantly increased at 10 C compared to the result at 25 C (247.3AE 62.3 vs 727.5AE 165.6 ms 2 , P`0.01), suggesting the thermoregulatory component of the SNS could be identi®ed by this VLO spectral component.
R-R spectral analysis
Our R-R interval power spectral analysis procedures have been fully described elsewhere. 25 ± 27 Brie¯y, analog output of the ECG monitor (Life Scope, Nihon Kohden) was digitized via a 13-bit analog-todigital converter (Trans Era HTB 410) at a sampling rate of 1000 Hz. The digitized ECG signal was differentiated, and the resultant QRS spikes and the intervals of the impulses (R-R intervals) were stored sequentially on a hard disk for later analyses.
Before R-R spectral analysis was performed, the stored R-R interval data were displayed and aligned Figure 1 Examples of ECG R-R interval changes and the corresponding power spectra for a subject in the resting condition (A), after injection of parasympathetic muscarinic blocker, atropine (B) and additionally b-sympathetic blocker, propranolol (C). 28 and displayed on a computer screen for visual inspection. Then, the DC component and trend were completely eliminated by digital ®ltering for the band-pass between 0.007 and 0.5 Hz. The high-pass ®ltering at 0.007 Hz was chosen to include the frequency components associated with thermoregulatory functions of the autonomic nervous system. The root mean square value (RMS) of R-R interval was calculated as representing the mean amplitude. After passing through the Hamming-type data window, power spectral analysis by means of a fast Fourier transform was then performed on consecutive 256 s time series of R-R interval data obtained during the test. To evaluate autonomic nervous system activity in each subject of the present study at the baseline condition and against thermoregulatory perturbation, we analzyed very low frequency (0.007 ± 0.035 Hz, VLO), low frequency (0.035 ± 0.15 Hz, LO), high vagal component (0.15 ± 0.5 Hz, HI) and total power (0.007 ± 0.5 Hz, TOTAL) by integrating the spectrum power for the respective band width. In addition, indices of the SNS and PNS activities were also calculated as the ratio of (VLO LO)aHI and HIaTOTAL, respectively, according to the previous studies.
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25 ± 27,29 The mean heart rate of each 256 s segment was also calculated together with standard deviation.
Blood analyses
Each blood sample taken was immediately transferred to chilled siliconized tubes containing Na 2 EDTA (1 mgaml), and centrifuged at 4 C. Plasma was immediately frozen and stored at 7 20 C until assay. Plasma leptin concentrations were measured by radioimmunoassay as previously described. 8 Plasma glucose concentrations were measured using the glucose oxidase immobilized membrane and hydrogenperoxide electrode method (Kyoto Daiichi Kagaku). Plasma insulin concentrations were measured by an automated radioimmunoassay technique (Phadeseph Insulin, Pharmacia, Japan). Enzymatic methods were used in the determination of nonesteri®ed free fatty acids (NEFA) (NEFA-HRII, Wako pure chemicalindustries, Japan), triglycerides (TG) (N-assay TG-L, Nittobo, Japan) and plasma cholesterol (Determiner, Kyowa Medex, Japan). Plasma high density lipoprotein cholesterol (HDL-C) concentrations were determined by chemical modi®cation-enzymatic method (Determiner, Kyowa Medex, Japan). Plasma low density lipoprotein cholesterol levels (LDL-C) were calculated by the Friedwald formula. 30 
Statistical analyses
All statistical analyses wee performed using a commercial software package (SPSS version 7.5 for Windows, SPSS, Inc., Illinois). Statistical differences between groups were assessed by using Student's unpaired t-test. A paired t-test was performed to compare before and after cold exposure within a respective group. Correlation coef®cients and signi®-cance values between percent body fat and blood parameters were calculated by linear regression analysis. Partial correlation analysis was performed to examine the relationship between plasma leptin concentration and other blood variables, independent of percent body fat. P values`0.05 were considered to be statistically signi®cant. Data are expressed as mean AE s.e.m.
Results
Plasma leptin concentration
The mean plasma leptin concentration was 3.9-fold higher in the obese than in the control group (47.3 AE 7.0 vs 12.1AE 1.22 ng Á ml 71 , P`0.001). A strong positive correlation was found between plasma leptin concentration and the percentage of body fat (r 0.863, P`0.001). Regarding other blood parameters, the glucose concentration was higher (P`0.05) in the obese group while insulin, TC, TG, HDL-C, LDL-C and NEFA did not show any signi®cant differences. A simple linear regression analysis found a signi®cant positive correlation between leptin and glucose concentrations (r 0.492, P`0.05). After adjustment for the percentage of body fat using the partial correlation analysis, however, the leptin concentration did not correlate with the glucose (partial r 0.17, P 0.45).
Autonomic nervous system activity during the resting condition and acute cold exposure Concerning the resting autonomic nervous system activities at room temperature (25 C) , there was no signi®cant difference in any of the parameters of heart rate variability (HR, VLO, LO, HI, TOTAL, SNS and PNS Index) between the obese and control groups. However, the ratio of the SNS index to the plasma leptin concentration was signi®cantly smaller in the obese than the control group (0.07 AE 0.02 vs 0.20 AE 0.04 ng Á ml 71 ; P`0.01).
During the cold exposure, heart rate decreased signi®cantly both in the obese (77.5 AE 2.84 to 68.9 AE 2.32 beat Á min 71 , P`0.01) and control groups (75.9 AE 3.26 to 67.6 AE 2.34 beat Á min 71 , P`0.01), while no signi®cant group difference was noted. Figure 2 represents typical sets of raw R-R interval and the corresponding power spectral data obtained from the control and obese subjects, respectively, during the resting condition at comfortable room temperature (25 C) and the acute cold exposure (10 C). R-R variability and frequency components in the power spectra did not seem to differ in the obese and the control subjects during the resting condition. Upon acute cold exposure, the control Autonomic response to cold T Matsumoto et al Figure 2 Examples of ECG R-R interval changes and the corresponding power spectra for a control subject and an obese subject under the resting condition at comfort room temperature (25 C) and acute cold exposure (10 C). 
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subject demonstrated a marked increase of the VLO frequency component, whereas, this very low frequency component remained unchanged in the obese subject. Figure 3 represents group data with respect to the R-R spectral parameters (VLO, LO, HI, TOTAL) obtained from 12 control and 12 obese subjects during the resting condition and acute cold exposure. In the obese group, TOTAL power (P`0.05) and the HI frequency component (P`0.05) increased without any signi®cant changes in VLO and LO frequency components in response to the acute cold exposure. In contrast, the control group demonstrated signi®cant increases in low frequency components (VLO, P`0.05; LO, P`0.01), HI frequency components (P`0.01) and TOTAL power (P`0.01) during the cold exposure. Moreover, during the cold exposure, the obese group demonstrated signi®cantly lower VLO frequency component (309AE 49.9 vs 578AE 142.2 ms 2 , P`0.05) ( Figure 3A ) as well as signi®cantly lower responsiveness of this frequency component (25 ± 10 C) delta changes: 17 AE 82.9 vs 326AE 138.2 ms 2 , P`0.05) (Figure 4 ) as compared to the control group.
Discussion
In this present study, we have demonstrated several striking ®ndings regarding the autonomic function in obese and non-obese individuals. A main result is that obese young women showed much reduced sympathetic responsiveness to acute cold exposure, despite the nearly identical sympatho-vagal activity to nonobese young women at the resting level.
Bray 31 has proposed the MONA LISA hypothesis, an acronym for Most Obesity kNown Are Low In Sympathetic Activity, indicating that obesity is associated with a relative or absolute reduction in the activity of the thermoregulatory component of the SNS. Despite intensive research, physiological roles of the SNS activity on human obesity remain unclear. The different methodology used among investigators may have caused this situation. 10, 11 It is increasingly apparent that spectral analysis of HRV might be a useful alternative method to evaluate the physiological functions of autonomic nervous system, including the energy homeostasis. 12 ± 15,25 ± 27 The validity of spectral analysis of HRV has been shown under the resting condition. However, several studies have experienced dif®culty in using HRV spectral analysis during non-resting conditions such as dynamic exercise. 32 ± 34 In this case, power in the frequency domain was markedly reduced because of the elevated heart rate with minimal HRV leading to a problem of extremely low signal to noise (SaN) ratio, which makes spectral analysis unreliable.
In this present study, we attempted to develop a new technique of HRV which enables us to identify three separate frequency components (VLO Á LO Á HI) in order to evaluate the global autonomic function and the SNS activity related to thermoregulation. In contrast to dynamic exercise, heart rate was found to decrease at most 10 beat Á min 71 both in the control and obese groups during acute cold exposure. By applying this analysis procedure in the present study, we provide evidence that the VLO frequency component, as well as its responsiveness, were signi®cantly lower in the obese group as compared to the control group under acute cold exposure. It could be speculated that the greater subcutaneous fat layer found in obese individuals may have a protective effect against the cold environment, resulting in lower cold-induced sympathetic response. In the present study, however, neither the magnitude of the changes in the HR ( 7 8.4 AE 1.66 vs 7 7.6 AE 1.28 bpm, NS), in the HI frequency component (556.7 AE 128.5 vs 851.8AE 404.6 ms 2 , NS) nor in the TOTAL power (1158.0AE 332.6 vs 946.5AE 455.2 ms 2 , NS), which may represent the global autonomic nervous system activity, signi®cantly differed between the two groups in response to acute cold exposure. The questionnaire provided after the experiments showed that all subjects participated in the present study felt discomfort and cold, but none of them experienced shivering at 10 C in the environmental chamber. We also found no signi®cant difference in the perceived scale of the cold sensation during the experiment among the control and obese subjects. With these ®ndings taken into account, we assume that the applied thermoregulatory stimulation was similar in the two groups regardless of body fat content. Considering the physiological responses to a cold environment reported in previous research, 20, 22, 36 and the patterns of the autonomic nervous system found in the obese group (the reduction of HR, and the increase in the HI frequency component and the TOTAL power without any change in the VLO nor LO frequency components), it might be speculated Figure 4 Comparison of the delta change in very low (DVlow), low (DLow) and high (DHigh) frequency components from comfortable room temperature (25 C) to the cold environment (10 C) between the control and obese groups. Results are expressed as mean AE s.e.m. for each group. *P`0.05.
Autonomic response to cold
T Matsumoto et al that obese young women can modulate the HR and blood pressure through the baroreceptor re¯ex mediated by the vagal nerve, but may possess a lower capacity of sympathetic thermoregulation in response to a similar level of cold stimulation given to the non-obese young women. Our ®nding is partly supported by Nielson et al, 23 who demonstrated that compared to the lean subjects, the obese subjects possessed decreased thermoregulatory responses to cold exposure when SNS activity was measured by plasma noradrenaline concentration.
Previous research has reported that the obese population has reduced metabolic and autonomic responsiveness to thermogenic stimuli such as food ingestion. Bazelman et al 35 demonstrated a decreased stimulation of norepinephrine appearance in obese subjects in response to overfeeding. A recent study of Paolisso et al 15 using HRV spectral analysis has also shown that the rise in the sympathetic nerve activity after glucose ingestion negatively correlated with body fat content, but positively correlated with glucose-induced thermogenesis and glucose uptake. Considering these results together with our present ®ndings, it is quite reasonable to assume that regardless of the resting level of autonomic nervous system activity, an alteration of autonomic function (especially reduced or impaired sympathetic responsiveness to thermoregulatory perturbation) may be a feature of obese young women.
Besides the responsiveness of the SNS activity associated with thermoregulatory function, we also found some differences in plasma leptin concentration and its relationship to SNS activity between the obese and the control groups. Consistent with previous studies, 7 ± 9 the plasma leptin concentration correlated positively with the percentage of body fat in the present study, and the plasma leptin concentration was 3.9-fold higher in the obese than in the control group. Therefore, as most investigators have indicated, 7 ± 9 circulating hyperleptinaemia found in the obese group may be characterized by a state of leptin resistance.
The effect of leptin on modulating energy homeostatic mechanism has been investigated in animal research. Leptin administration was found to increase core temperatures and metabolic rates, 3 and noradrenaline turnover in brown adipose tissue 4 in obaob mice. According to a recent study, intravenous leptin activated overall sympathetic nerve traf®c in lean Sprague-Dawley rats and the effect of leptin on the SNS activity was dose-dependent. 5 On the basis of these ®ndings, the SNS activity should have been enhanced in the obese subjects, who possess a much higher plasma leptin concentration compared to the non-obese subjects.
As mutation in the hypothalamic leptin receptor is not common in humans, our ®ndings suggest that obese young women may have a peripheral leptin resistance at the post-receptor signaling pathway, which may contribute to lower sympathetic sensitivity to leptin. Since the physiological role of leptin has been elusive in humans, we could not describe the extent to which leptin contributes to modulating the SNS activity and relates to the aetiology of human obesity in this present study. Further research will be needed to understand the leptin-mediated energy homeostatic mechanism in humans.
Conclusions
In this study, we examined the autonomic responsiveness to acute cold exposure in age-and heightmatched obese and non-obese young women. Our data indicate that a reduced autonomic, especially sympathetic, responsiveness associate with thermoregulation and possibly leptin resistance might be etiological factors of obesity in young women.
